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FAIR Accelerator Facilities F'\lR I=== 1L

s First Science + SIS100 CBM
First Science ++

Rest FAIR Start Version
m— (S| existing facility

Timeline

" CBM 2018 start of FAIR Phase-0 at
upgraded GSI facilties

2023 concrete construction completed

2024 start of accelerator installation

2027 first experiments with S18 beam

SIS100 primary beams: 2028 start of operation with SIS100

10%/s Au up 11 GeV/u
10%/s C, Ca, ... upto 14 GeV/u
10'Y/s p up to 29 GeV/u
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/ GSiI facilities continue operation



FAIR Start of installations F'\lR I=== 1L

SIS100
dipoles

SIS100
power
supplies

ccccc

cryo plant
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= Cosmic ray srmulator for |rrad|at|on studres "l = Phasetransition and critical point. -~ ;
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» Nucleosynthesis , Siren } * Gluonic excitations:
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Phasetransition and critical point. -~ <
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CBM/HADES @ FAIR

CBM

Fixed target experiment tracking
acceptance
1.5°<0,, <25°

2 interchangeable setups for
electron and muon detection

Peak interaction rate : 10 MHz
(Au+Au) (300 kHz with MVD)

Free-streaming, self-triggered DAQ
system

Online event reconstruction and
selection

Fast and radiation hard detectors
HADES

complementary acceptance
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CBM Day-1 configuration (2028): rate capability 100 kHz Au+Au reactions

with streaming (triggerless) readout of MVD, STS, RICH, MUCH, TRD,
TOF, and PSD; HADES continues at SIS18
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CBM - Scientific goal

Location of chiral cross over

W. Fu, J. Pawlowski, F. Rennecke,
Phys.Rev.D 101 (2020) 5, 054032, arXiv:1909.02991
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Systematically explore QCD matter
at large baryon densities
with high accuracy and rare probes.

T. Galatyuk, https://github.com/
tgalatyuk/interaction_rate_facilities, 2022
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https://github.com/

Strangeness production at FAIR

M. Kohls, HADES QM 2023

4P rr>e0

&

LHC
RHIC/SPS/AGS
RHIC/SPS/AGS/SIS
HADES (p+Nb)
HADES (Ar+KCl)
HADES (Ag+Ag)
HADES (Au+Au)
FOPI (AHA))

‘%I
2
)

Chemical freeze-out data are fairly

Hg [MeV]

well described by Statistical
Hadronization Model
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Strangeness production

central Au + Au collisions

FAR ==

Strange and charmed particle
production thresholds

=y

s o in pp - collisions
E n*
- Lk reaction Vs T
T JK’ (GeV) | (GeV)
3 / . pp - KT Ap 2.548 1.6
L B . o S KYK- 2.864 2.5
n f(.a/" i pp pp
. 0 (x02) pp > K*K*E™p 3.247 3.7
= / / A (x0.02)
-y // = (<002) pp - KYKTK*0™n | 4.092 7.0
B i/ T
e pp = Adpp 4.108 7.1
=4 —
S pp = E ETpp 4.520 9.0
§ 1 CB, JP 31 (2005) S57 pp — .Q_ﬁ"'pp 5.222 12.7
[ N ‘ | ‘ | L1
10 107 pp - J /¥ pp 4973 12.2
Vs (GeV)
Strange Quark Matter 2024 - Yvonne Leifels 11




Equation of state of nuclear matter

Measurements at SIS18

Strong sensitivity to EOS

sub-threshold kaon production
- T T o
- 6 - —-—<- [IQMD, Hartnack et al. _| %S
O RN Soft ® Data |G
N N 88
RN S
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~— B ~ " 7 (g CL—
+ 2., T ""‘:.:_"_'_'l? ol Q Té
\ Hard 0
Co RQMD, Fuchs et al °g
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C. Fuchs et al., PRL 86 (2001) 1974

ellintic flow

T T
- protons

Au+Au
400A MeV

— HM 380 Me
— SM 200 MeV

FOPI, Nucl. Phys. A 876 (2012) 1

- IQMD .

| s | L |
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0.5

Multistep production in dense matter
(formation of nucleon resonances)
=> soft EOS (K ~ 200 MeV)

=>

Pressure gradients

soft EOS (K ~ 200 MeV)
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S. Huth et al., Nature 606 (2022) 276
T I T T [ T 1

P T T T T
3.0 ! —

— Astro+HIC _ 7 3
Prior g

[

1 1 1 1

14

12
Radius R [km]

Astrophysical + HIC data
(SIS18+AGS) complementary
Higher density HIC data needed
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Equation of state of nuclear matter
Observables at high density

precise measurement of
collective flows of bulk observables
clusterizsation (cf. talk of E. Bratkovskaya)

subthreshold particle production
transport model calculations using a
hadron cascade version of AMPT
particles like K*, A+%° and =" are
mainly produced in the high density
region
however, one needs also to pin down 0
the symmetry energy => K%K* ratio? .é.

600

400

MAu+Au IVIC+C

200

"B\
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G.-C. Yong et al., PLB, 820, 2021, 136521

[ | L 1 T
(a) K’ (b) A+2° (c)=
Au+Au/C+C =~ solt
bon,S 3 TM -0 stiff
| be<1.18fm | I
-0
L 1 o~ ]
| —.- L | | _. ) | —. . | I B
2 4 6 s 4 6 2 4 6
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https://www.sciencedirect.com/journal/physics-letters-b/vol/820/suppl/C

Kaons in dense medium F'\lR I=== 1L

NK" interaction omn R AT A oo
. ) ) ) 0.025- P E 0.0008 (with medipym effects

slightly repulsive in dense nuclear medium ac0] ] e mpemetees L o
o ,..0.0006 (V]
no broadening of spectral function predicted e . g ]
. . oot0y ‘.‘ —
NK" interaction et S
) .00 ! without med. eff. ‘ 00000 ¢ . - . q_
complicated due to presence of resonances e e e oo ® B "o
(92]
need coupled channels treatment (e.g. chiral o NN 193 A GeV (b<d 5 fm}) oozs, NENLTOTAGEVBAST) 3
effective field theory) X
. : : ) ‘ IR R o o
many experimental studies using K" beams %000 S g+ &
s y = 0.00104 - 0
NK’ interaction attractive at finite (ground state) o] - . A 5
.. . /= Kaos (PLB 485, 26) e | A+ Kaos (PLE 495, 25) ~] —
denSItIeS, bUt Strength Of the pOtentlaI IS Undear 0.00 with without medium effects 0.0000 - w‘\th—--wwt‘noul medlufm effects™ 9)
at high densities y v T
. . . % AUT - [0-40 % Au+Au, 1.23 A GeV (b<9.3 fm)] ~—
shift and broadening of spectral function as a B ETeerrm e T WSS P TIAD) _
ety P L2 et e ©
function of momentum R e K1 407 —viimed.ef | ®
strong absorption in medium g 3
Depth of NK™ potential of importance =

neutron stars T g e o5

Y ¥
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Kaons in dense medium

NK" interaction
slightly repulsive in dense nuclear medium
no broadening of spectral function predicted

NK" interaction
complicated due to presence of resonances

need coupled channels treatment (e.g. chiral
effective field theory)

many experimental studies using K" beams

NK interaction attractive at finite (ground state)
densities, but strength of the potential is unclear
at high densities

shift and broadening of spectral function as a
function of momentum

strong absorption in medium
Depth of NK™ potential of importance
neutron stars
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HADES, Kaon flow, Talk Jan Orlinski

Ag+Ag @ 1,584 GeV | Centrality class 10-40 %

"7 m  Protons, 500 < p [MeVic] < 600
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+ K400 <p <500
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| u K+
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i o . i .W?rk. in progress
-0.5 0 0.5
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Ag+Ag @ 1.58A GeV | Centrality class 10-40 %

>m + = Protons, 500 <p, [MeVic] < 600
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F o K 400<p <500 ¥ K',500<p <600
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yO
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Ag+Ag @ 1.58A GeV | Centrality class 10-40 %

Protons, 500 < P, [MeV/c] < 600
K, 100 < p, <300
K 300 < p, < 500
K, 500 <p, <700

L W

02—

b

. HADES

= Workinprogress| . |
-0.5 0 0.5

Y

0

Ag+Ag @ 1.58A GeV | Centrality class 10-40 %
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Production yields of strange hadrons F'\lR iI= 5= 1l

x10° ~Ao=16Mevic? | x10° —Z o =2.1MeV/c® |, —Z 5=20MeVic’ | 500 —Q 6 =2.4 MeV/c?
- S/B = 4.36 2100 S/B=10.7 = S/B = 60.8 = S/B = 7.69
~ : Sy S K
A—prt Z—oAm 200 = SATt Q—AK
L s0- 100~
0 1 " L " L | L L 0 ‘. | L T Y 0 - L a n’
11 12 13 4 . 14 26 K .
B m,,, {An*} [GeV/c?] m,,, {AK} [GeV/c?]

5

2
g Particle | Multi- | Multi-
= (mass plicity | plicity | decay o
MeV/c?) |6AGeV|10AGeV| mode BR | o ) )
Statistics estimation at R;,;=0.1 MHz
A(1115) [4.6-104| 0.034 pTT* 064 | 11 | for Q at T=10 AGeV
3 5 =-(1321) | 0054 | 0222 | AT | 1 | 6 | ..
Z Signal counts per week:
E. o =*(1321) |3.0-10%|5.4-104 | Am* 1 3.3
Q- (1672) |5.8:104|56-103 | AK- | 068 | 5 | Sw=Ray " &auy *Pprod *fmbjcen *BR ¥ €10 * AT
=110°*0.7 *510°%0.25 *0.68*0.05 *6 10°
Q* (1672) - 7-10° AK* 068 | 3 = 1.800.000
Improvements by Machine Learning under investigation. Talk I. Vasieliev
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=- production in Ag+Ag @ Vs = 2.55 GeV

FAR ==

2 F p— 1 10p
Over four weeks, S 251 HADES PhD Thesis ME HABES PhD Thesis
HADES collected Ut | fehofs-2sseev | o O B HADES Ag+Ag
C :fi 0 - 25% most central Bi X STAR Au+Au
14 billion central Ag+A 20 3 Signal (i + 26) = 42+ 9 -
5 ¥ STAR Au+Au (FxT, 2022)
_ : EE:: Signal / Background = 1.00 7__ —— THERMUS GCE
events @ \s = 2.55 GeV i 3 Significance = 4.6 -
_ B .gi 6:— ------ THERMUS R, = 3.2 fm
=" hyperons detected 15— e THERMUS R, = 4.2 fm
. . i E B e THERMUS R, = 6.2 fm
via the decay chain: i SE ¢
= SATop T T 10p- 2 4
excellent background I 3
suppression by using artificial s 25_
neural networks i _ -
significance slightly - Sl 13
below 50, yet clear signal 9260 1280 1300 1320 1340 1360 1380 1400 1420 1440 (i

m,, . [MeV/c?]

above background

first measurement of double strangeness at this energy

7 N
Canonically extended SHM model predicts strong A///Qé\\\

dependence of canonical radius R: and ®/=" ratio HADES
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Talk of Simon Spies

Poster by Marvin Kohls

“Systematics of Hidden and Open
Strangeness Production in Few GeV HICs”
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17

Original from: Phys.Lett.B 831 (2022) 137152



H

Spin Polarization P (%)
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Spin Alignment p

Global spin polarization / alignment / vorticity
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Observables pioneered by STAR \

STAR, Nature 548 (2017) 62,
PRC 104 (2021) 061901,
arXiv: 2204.02302

P [%]

HADES Phys.Lett. B 835 (2022) 137506, arXiv:2207.05160

‘g P, x 0 Pp

quark-gluon
plasma

PRC103 (2021) 3, LO31903, HADES p,€[0.2,1.5] GeVic ye[-0.5,0.3]

- Au+Au, b=6fm, |y|<0.5 AutAu: AgtAg:
- e hadronic EoS m 10-40% e 10-40%
crossover EoS O 20-40% o 20-40%
= 1PT E0S

STAR 20-50% p,<[0.5,6.0) GeV/c n|<1
A PRC76 024915 (2007)
¥ Nature548 62 (2017)
¥ PRC98 014910 (2018)

ALICE 15-50% p. €[0.5,5.0] GaVic |y|<0.5
4 PRC101 044811 (2020)

STAR 20-50% p €[0.7,2.0) GeVlc ye[-0.2,1)
+ PRC104 6, L061901 (2021)

PRC104 L041902 (2021),
Au+Au, b=5fm, lyl<1, p_e]
s AMPT model

[0.4,2.0]

—-—0
= —

S~

1 10 107 10°

VS - 2my [GeV]
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BBC

/ j

BBC

/

/?

A
forward-going
beam fragment

New sensitivities:
- thermal vorticity
- meson fields

Large data sets needed
e.g. mapping of the
excitation function for A
requires > 1013 events.
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Hypernuclei production in Heavy lon Collisions

projectile fragment

e ‘ hot particﬁ&an?A
target fragment
At SIS/FAIR energies
production of hyperons observed

multiple production mechanisms

coalescence hyperons with
projectile/target fragments may lead to
creation of heavy/exotic hypernuclei

thermal models predict maximum of
hypernuclei production at FAIR energies

FAIR GmbH | GSI GmbH

F-\lR iI= 5= 1l
F-\IR Thermal model predictions

Yield (dN/dy) for 10° events
5 3

10—5 | L 111 Hl
10 10° 10°

\/Syn (GeV)
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Hypernuclei at FAIR

N\ as a probe for nuclear structure
Neutron stars: hyperon puzzle

Y energetically favorable at 2-3 p,,

but softening of EOS leads to

Ivlallowed< I\/Iobserved

Hyperon interactions relevant for EOS

at high densities
AN, AA, ANN
Hypernuclei known

~40 A-nuclei (AN attractive)
few AA-nuclei  (weak attraction)
few =-nuclei (=N attractive)

HADES Ag+Ag@\s = 2.55 GeV:

FAIR GmbH | GSI GmbH

A\

FAR ==

Strange Quark Matter 2024 - Yvonne Leifels
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ot .- Talk of Simon Spies
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A\
Hypernuclei at FAIR & F-\lR == I

Talk of Simon Spies

=x10°° 10

z 22 2 ~
A\ as a probe for nuclear structure 2 BABES Preliminary b HABIES Proliminary
a Ag+Ag |8, = 2.55 GeV @ :_ Ag+Ag (s, = 2.55 GeV
Neutron stars: hyperon puzzle § 18 - 25% most central g o 0- 25% most central
- 16 Sional | Background - 0.42 o Signal { Backgraundi - 0.58
Y energe“ca"y faVOI’ab|e at 2'3 pO’ 1a Significance=1s,z ’ c Significance = 39.1
but softening of EOS leads to i
1 3 H 3i 4 H
Maiiowed< Mopserved 08 S8 A B A
Hyperon interactions relevant for EOS e ts st 2
: " e o etatets, :
at high densities o B R e 1
P Sttt ‘ ‘
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ypernucielr Known __ STAR, arXiv:2312.15768v2 < ¢
~40 A-nuclei (AN attractive) g [ OroRssens e | £ ® HADES AgiAg
- - S T e themgemaw | Tgof v sTAR AL
few /_\/\'ﬂUCl.e| (\iveak attra.Ctlon) = 1072 3 3 L N STAR Preliminary g R R HRG Au+Au
few =-nuclei (=N attractive) SR 'S S10°F
- R - oo
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E H Qe ]
o A . My
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Hypernuclei at FAIR F-“R iI= =1L

. . . . . z§ T Preliminary
lifetimes and binding energies ER 3 o sl
characteristics + Sira /Bacguna- 058
size and deformation t .
clustering F AH
excitations T
super-halos 1
production mechanisms e TR T W e
. . é Qq; :— HADES Preliminary —®— Integrated Yield
understanding clustering phenomena . A9eg - 255 cov -
. . . . % (5; *H 0 -25% Centrality I:lSystemalic Err.
hypernuclei produced in interactions of hyperons 3
with target/projectile like spectators oF
pion induced reactions N N
72\
HADES Ag+Ag@vs = 2.55 GeV: HADES E
multi-differential analysis oF

Talk of Simon Spies
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Hypertriton lifetime

lifetimes and binding energies
characteristics
production mechanisms

Hypertriton lifetime

Is expected to have lifetime within few %
of the free A lifetime 1,

FAR ==

7 N . .
A/%é%\ Talk of Simon Spies

HADIES
HADES Ag+Ag@\'s = 2.55 GeV:

Lifetime of (249 + 21 + 30) ps compatible
with free A lifetime measured

Extensive uncertainty evaluation performed

iy —
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FAIR ezt

Exotic hypernuclei at FAIR

, MWEKM high precision spectroscopy of heavy
= F 6 — @ 3 g =qill] [ decay remenant
Tegy ~ Forward high-resolution stable and radioactive beams possible

spectroscopy with FRS

(proton- and neutron rich)

'
*
FAIR/Super-FRS [ ™ ReCLty

Decay particle

measurement
Super-FRS EC e
10* ;

] Theashold for

AL By

BigRIFS d By P

m | coutemb axcasion
up E" =13 Ng

Kinetic Energy [MeV/u]
Q,

A
“phoéto by Jan Hosan Fusion barrier with U

WASA at (Super)FRS 20 40 60 & 100

Atomic number Z

-
=

TRIUMEISACE HIE-ISOLIDE, SPTRALZ

T

J. Aystd et al. NIM B 376 (2016) 111
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Exotic hypernuclei at R3B F-\lR
(Reactions with Relativistic Radioactive Beams) iI= 5= 1l

—_5m

Radioactive nuclei produced and
neutrons

identified in (Super) Fragment Separator target
T tracker for R3B

high resolution

neutron detection
Challenge

non-homogenity of the dipole field

HYDRA
Fibers inside

, /
/ / GLAD

Beam Target
/ / Magnet
“ibers outside

Plastic wall

1st experiment @ FAIR

9 4 —— First meas.
measurement - 30003_ —— Second meas.

of hypertriton‘s £ 00 1\

interaction X 1000 [ Y\
- C -_—____—_———_ ’ \ 
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AA hypernuclei in CBM F-“R I= =1L

s \ 10 pm Model predictions for Au+Au Decay topology
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A of 10 MHz
—He+p+m Inspected events per week: 2 - 10 *?
Signal counts per week:
The S=-2 Nagara event SW = Rpeak * 1:av * 8duty * I:)prod * fmb/cen *BR™ €reco * AT ) . .
Takahashi et al., PRL (2001) =60 803 G 605
Talk of louri Vasiliev m,,, { He p'} [GeV/e]
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Strangeness
In pp/pA collisions F-“R I= =1L

300

. , pA—pA
AN interaction B Aiia <
Scattering data with hyperon beam sl %
. . Rowley et al. ©
/AN < 50 data points (poor beam quality, short ’ ' =
lifetime, extrapolation down to low momenta) =l NeLO(SSD) 1s
Target K . S T NLO(550) &
NS [ T g NLO19 | &
, +r 7777777 YL [ \| © - — = N2LO(550) (alter.) | &
\ \ : 100 — — é
CLAS PhysRevlLett.127.272303 (2021) \P’ %
NN > 5000 data points below 350 MeV g

PR IR
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I | 1
900 200
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Strangeness
In pp/pA collisions at SIS100 F-“R I= =1L

:\ 2 LN S0 SN QUL m.amn inin DR NS S D ih SULENR IS ame o QU
Proton beams at SIS100 | X E a) ALICEpp \s=13TeV -
10 to 102 protons per (10s) spill upto 30 GeV/c © 1.8 high-mult. (0-0.17% INEL>0)-
:* I8 p-A @ p-A pairs o
, , 1.6[ o Fit NLO19 (600) 18
Study AN interaction © o —Residual px%xEFT ]~
Femtoscopy 1'4:_ o Residual p-=- @ p-=° _ §
less feed down than at LHC 12f ¢ ~— Cubicbaseline 18
Dalitz plot analysis of exclusive final states 13_ °°§ ] %
g - 1=
a_— l, - § 21.06-_..‘.b.L.,l...‘!..“g.;g‘
g : ' 0 5% O 1.04 B &
i _ - g8 1.02 ® 45
28 | ) ) et B ™ » OO0 OeePO R
4.2 43 4':n§,, (G;.r%c‘] EX 17 e 0.98 :__ _-,
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Charm production
In pp/pA collisions at SIS100

SIS100 energies allow for charm
production channels

SU(4) estimates for exclusive charm
hyperon production up to 1 yb @ SIS100
all final state particles reconstructed
good phase space acceptance of the
primary particles with CBM
detailed studies D-p and A.-p interactions
possible with femtoscopy
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Charm production
In pp/pA collisions at SIS100 F-\lR I= =1L

Signal Cross Section [ub]
pp = pp] /(= ee) 1072 (x0.06 BR)

Jhy production
Cross section = 1 nb at 30 GeV/c (Vs=7.5 GeV)

Large and uniform reco eff. 5-30% Reco Efficiency pCBM: pp - ppJ /v
Strong background suppression (Kinematic-fit) e mareps
0.35| === p,(€")>0.5 and p (€)>0.5
p|(e‘)>1 Oand p‘(er)>1 0
03 _— p,(e")>1.5 and p,(€)>1.5
Scientific questions ok
Influence of internal charm of proton on cross § ozf
section close to threshold? 015F-
. . . . 0‘1:_
J/p-N interaction with multiple gluon exchange o CBM-TDR value = 5%
with proton “E
Forward (t=0) J/y do/dt related to J/w—N scattering PR e m s w W
amplitude, and nucleon mass via trace anomaly
J/y-N interaction related to pentaquark searches (LHCbh Expected reconstructed EXC|USiV96
pentaquark states not observed by GLUEX) events / Day @ 30 GeVic, ¢ =10 b
J/p in-medium characteristics 1 MHz 1.6-10°
pp-reactions to explain effects in pA/AA-reactions 10 MHz 1.6-10¢
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Summary and outlook

High intensity and high data rate capabilities of
CBM opens up a wealth of different physics
opportunities for strangeness and charm
research
equation of state of dense matter
in-medium characteristics of strangeness
interactions in particular multi-body interactions
hypernuclei
strangeness and charm in pp and pA collisions
strangeness in pion induced
reactions@SIS18
Support from Theory is indispensable

Start of experiments at
Super-FRS with SIS18 beams

Start of experiments with SIS100
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Equation of state of nuclear matter
Observables at high density

FAR ==

G.-C. Yong et al., PLB, 820, 2021, 136521

precise measurement of 600 ——CC

collective flows of bulk observables (a) K

clusterizsation (cf. talk of E. Bratkovskaya) I |

subthreshold particle production
transport model calculations using a
hadron cascade version of AMPT
particles like K*, A+%° and =" are
mainly produced in the high density
region

Au+Au/C+C
400~ b <3fm

Au+Au

| Dos 1181m |

MAu+Au/MC+C

200 —

ratio of =~ from heavy and light oL« 1 |

(b) A+2°

—&— soft
- O- stiff

() =]

systems show strongest sensitivity
observable easily accessible by CBM 0@0

transition to neutron rich matter ‘BN
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https://www.sciencedirect.com/journal/physics-letters-b/vol/820/suppl/C

Light halo nuclei
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S. Acharya et al, Measurement of the Lifetime and A Separation

Energy of ;H, Physical Review Letters (2023).
DOI: 10.1103/PhysRevlLett.131.102302.

%1.2 — Theoretical calculations -
= [ NPB47(1972) — PRC77(2008) ]
CQ< 1= — arXiv:1711.07521 EPJ56(2020) -
0.8 -
0.6~ NPB1(1967) STAR(2019) —
0.4F + NPB52(1973) + -
S - =

B ( ) ALICE 17
-0.2 Preliminary _
—04F —

PRD1(1970)
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Theoretical predictions

== Nuo. Cim. 46 (1966) 786
--= PRC 57 (1998) 1595
-+ PLB 811 (2020) 135916 - A =--

— J.Phys. G18 (1992) 339-357
PRC 102 (2020) 064002
- PLB 811 (2020) 135916 - B

PR 136 (1964) B1803

PRL 20 (1968) 819

PR 180 (1969) 1307
NPB 16 (1970) 46 B

PRD 1 (1970) 66

NPB 67 (1973) 269

STAR, Science 328 (2010) 58
HypHI, NPA 913 (2013) 170
ALICE, PLB 754 (2016) 360
STAR, PRC 97 (2018) 054909
ALICE, PLB 797 (2019) 134905

STAR, PRL 128 (2021) 202301

ALICE, Pb-Pb 5.02 TeV
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